Abstract. The purpose of this study was to examine: 1) whether caffeine in the fertilization medium under mineral oil is essential for bovine in vitro fertilization by fully capacitated spermatozoa, 2) the minimum concentration of caffeine that shows an adverse effect on the motility of preincubated spermatozoa. Cumulus-oocyte complexes with heterogeneous-appearing ooplasm were matured in in vitro culture for 24 h and used for insemination. The fertilization rates of the preincubated spermatozoa introduced into the fertilization medium containing 0 mM or 5 mM caffeine were examined. The fertilization rate of the spermatozoa introduced into the medium without caffeine (final concentration of caffeine at fertilization was 0.27-0.35 mM) was significantly higher than that in the medium with 5 mM caffeine (82.4% vs 55.2%, P<0.05). When the final concentration of caffeine at fertilization was reduced ten-fold (0.02-0.03 mM), the fertilization rate was not significantly improved (86.0%). The motility of the preincubated spermatozoa introduced into the fertilization medium containing 0-5 mM caffeine was examined. The sperm motility in the fertilization medium without caffeine was significantly higher than that in the fertilization medium with more than 2 mM caffeine. These results indicate that caffeine in the fertilization medium is not essential for bovine in vitro fertilization by fully capacitated spermatozoa, and that more than 2 mM caffeine has an adverse effect on preincubated (capacitated) sperm motility.
or highly successful in vitro fertilization (IVF), capacitated spermatozoa, matured oocytes and suitable medium are essential. In bovine IVF, capacitation of ejaculated spermatozoa is generally induced by brief treatment with calcium ionophore A23187 (I-A) [1, 2] or incubation with heparin [3] . Takahashi and Hanada have reported that caffeine in the medium appears to enhance the capacitating action of I-A [4] . Synergistic effects of caffeine and heparin on IVF have been reported in cattle [5, 6] . Furthermore, caffeine in the fertilization medium accelerates sperm penetration in vitro in pigs [7] [8] [9] and mice [10] .
In our preliminary experiments on bovine IVF, it was found that when spermatozoa preincubated in medium containing 5 mM caffeine and 1.5 units/ml heparin after brief treatment with ionophore [11] w er e in tro duc ed into fer tilizat ion m edium containing 5 mM caffeine under mineral oil, the motility of spermatozoa and in vitro fertilization rates were depressed. On the other hand, in the fertilization medium containing 5 mM caffeine not covered with mineral oil in a microtube, the m ot ilit y o f preinc ubated sper mat ozo a was maintained well, and high fertilization rates were obtained at very low sperm concentration (150-200 cells/µl) [12] . However, the use of fertilization Accepted for publication: September 8, 2003 Correspondence: K. Momozawa (e-mail: momozawa@vmas. kitasato-u.ac.jp) medium covered with mineral oil in a plastic dish is more convenient for the IVF procedure and observation of gametes than the use of that not covered with mineral oil in a microtube.
Different specialized media should be used for the purposes of capacitation and fertilization to optimize each condition. However, especially in the bovine IVF system using the synergistic effects of caffeine and heparin, the same medium has been used for both capacitation and fertilization [13] [14] [15] [16] [17] [18] . Moreover, we o bserved that the motility of s p e r m a t o z o a w a s m a i n t a i n e d w e l l i n t h e fertilization medium without caffeine under mineral oil.
In the present study, we examined the effect of mineral oil-covered fertilization medium without c affein e o n bo vi ne in vitr o fer ti lizatio n by preincubated (capacitated) spermatozoa and the m i ni m um c o nc e nt r at i o n o f c af fei ne in t h e fertilization medium that shows an adverse effect on the motility of preincubated spermatozoa.
Materials and Methods

In vitro maturation of oocytes
O varies obtained at a local abatto ir were wrapped in a paper towel soaked in 0.9% saline and transported to the laboratory at about 30 C. Oocytes were aspirated from 2-6 mm follicles of ovaries using a 5-ml disposable syringe with a 21-gauge needle and placed in plastic petri dishes. Fully grown oocytes with an unexpanded cumulus (more than 5 layers) and non-polar ooplasm filling the periviteline space were washed several times with maturation medium. Oocytes with the appearance of heterogeneous (unevenly granulated to various degrees) ooplasm [12] were cultured for 24 h in 50-µl droplets of maturation medium under mineral oil (Squibb and Son, Inc., Princeton, NJ, USA) in culture dishes (35 mm × 10 mm, Nunc, Roskilde, Denmark) in a CO 2 incubator (5% CO 2 , 95% humidified air, 39 C). Each droplet contained about 10 oocytes. The maturation medium was 12.5 m M H E P E S -b u f f e r e d T C M -1 9 9 ( N i s su i Pharmaceutical, Tokyo, Japan) supplemented with 0.3 mM Na pyruvate, 0.5 IU/ml hFSH (containing 2.31 IU/ml LH, Biogenesis, England, UK), 1 µg/ml estradiol -17 β (Sigma, Chemical Co., St. Louis, MO, USA), 3 mg/ml polyvinylpyrrolidone (Mr. 40,000, Sigma), 130 µg/ml dibekasin sulfate (Meiji-Seika, Tokyo, Japan) and 1.5% ultracentrifuged bovine follicular fluid (bFF) (2nd fraction from the bottom fraction obtained by ultracentrifugation of bFF at 220,000 g, 4 C for 48 h) [19] .
Sperm preincubation for induction of capacitation
The basic medium used in this study was modified BO medium [20] , referred to as FM, which consisted of 113.45 mM NaCl, 4.02 mM KCl, 2.25 mM CaCl2•2H2O, 0.83 mM NaH2PO4•2H2O, 0.52 mM MgCl2•6H2O, 25 mM NaHCO3, 13.90 mM glucose, 12.5 mM HEPES (pH 7.4), 130 µg/ml dibekasin sulfate, 10 mg/ml BSA (fraction V, Wako Pure Chemical Inc. Osaka, Japan) and 2 × 10 -4 % phenol red [12] . BSA-free FM supplemented with 10 mM caffeine (caffeine sodium benzoate, Sigma) was used for sperm washing and sperm treatment with Ca ionophore A23187. Frozen semen (JB-5, Japan Holstein Breeding Service, Hokkaido, Japan) was thawed in a waterbath at 39 C for 20 sec, suspended in 3 ml of sperm washing medium in a 3-ml test tube, washed twice by centrifugation at 700 g for 5 min and resuspended in 1.5 ml of spermwashing medium. The spermatozoa were treated with 0.1 µM Ca ionophore A23187 (CalbiochemBehring, La Jolla, CA) for 60 sec. After treatment, the sperm suspension was diluted immediately 1:1 with FM containing 20 mg/ml BSA supplemented with 2 units/ml heparin (heparin sodium salt, Wako) and preincubated for 3 h in a CO 2 incubator (5% CO2, 95% humidified air, 39 C). After a 3-h preincubation, the concentration of progressively motile spermatozoa was determined with a Makler counting chamber (Sefi-Medical Instruments, Haifa, Israel). It ranged from 1.2 × 10 3 to 1.7 × 10
Experimental design and observation of fertilization Experiment 1: In this experiment, the effect of mineral oil-covered fertilization medium without caffeine on the in vitro fertilization rate was examined. For in vitro insemination, a small amount of sperm suspension containing 5 mM caffeine was added to a 200-µl droplet of FM supplemented with 1 unit/ml heparin and 0 or 5 mM caffeine, to obtain a final sperm concentration of 100 sperm/µl. Subsequently, oocytes were inseminated by introducing them into fertilization medium containing the spermatozoa. In addition, the effect of lowering the caffeine concentration that was introduced with the sperm suspension int o t he sit e of fertilizatio n o n the i n vi tro fertilization rate was examined. After a 3-h preincubation, the original sperm suspension containing 5 mM caffeine was centrifuged in a test tube at 500 g for 5 min and the supernatant was removed. The sperm pellet was resuspended with caffeine-free FM supplemented with 1 unit/ml heparin up to 3 ml (the final caffeine concentration in the sperm suspension was thereby lowered to about 0.3 mM), and incubated for about 30 min in a CO2 incubator. This sperm suspension was used for insemination.
Three hours after insemination, the oocytes were denuded by repeated pipetting, mounted on slides, fixed with 25% (v/v) acetic alcohol for 24 h and stained with 0.75% orcein in 45% acetic acid. Under a Nomarski interference-contrast microscope (× 400), oocytes containing anaphase or telophase chromosomes of the second meiotic division and an enlarged sperm head with a corresponding sperm t a i l i n t h e v i t el l u s w e r e c o n s i d e r ed t o b e undergoing fertilization [12] .
Ex p e r im e n t 2 : In t h is e x p e ri me nt , t he concentration of caffeine in the fertilization medium causing an adverse effect on the motility of preincubated spermatozoa was examined. A small amount of the preincubated sperm suspension containing 5 mM caffeine was introduced into 50-µl droplets of FM supplemented with 1 unit/ml heparin and 0, 1, 2, 3, 4 or 5 mM caffeine under mineral oil in a culture dish to obtain a final concentration of 120 sperm/µl. The diluted spermatozoa were incubated for 3 h in a CO2 incubator (5% CO2, 95% humidified air, 39 C) and sperm motility was observed at 0, 1, 2 and 3 h after incubation.
Statistical analysis
Statistical significance was evaluated by analysis of variance following arcsin transformation for the fertilization rate and by analysis using Student's paired t-test for sperm motility.
Results
As shown in Table 1 , the fertilization rate of capacitated spermatozoa introduced into medium without caffeine (the final concentration of caffeine was 0.27-0.35 mM) was significantly higher than that of spermatozoa introduced into medium with 5 mM caffeine. The m ono spermic (norma l) fertilization rate in the fertilization medium without caffeine was significantly higher (P<0.05).
When the caffeine concentration was reduced about ten-fold (to 0.02-0.03 mM) at the site of fertilization, the fertilization rate was 86.0% and the rate of monospermic fertilization was 62.0%. These rates were not significantly different from those obtained with a final caffeine concentration of 0.27-0.35 mM.
As shown in Fig. 1 , the motility of preincubated spermatozoa introduced into the fertilization medium decreased with incubation time in a manner dependent on the caffeine concentration. T he m o ti lit y o f prei ncu bated s perm at ozo a introduced into the fertilization medium without caffeine was significantly higher than that of spermatozoa introduced into medium containing more than 2 mM caffeine at each incubation time tested (P<0.01). 
Discussion
In the present study, it was clearly demonstrated that w hen pr einc ubated sper mato zo a w ere introduced into mineral oil-covered fertilization m e d i u m w it h ou t c af f ei n e , t h e m ot i l i t y of spermatozoa was maintained well, and a high fertilization rate was achieved. In contrast, in medium containing 5 mM caffeine, the motility of spermatozoa and the rate of in vitro fertilization were decreased. The reason for the decrease of the fertilization rate in the presence of 5 mM caffeine seems to be a decrease of sperm motility. Caffeine, a cyclic nucleotide phosphodiesterase inhibitor, markedly increases the respiration and motility of ejaculated bovine spermatozoa [21] . It is difficult to determine the cause of the decrease of sperm motility in the fertilization medium containing 5 m M c a f f e i n e . I n t h e p r e s e n t s t u d y , t h e concent ration o f sperma tozo a at the site of fertilization was very low (100 cells/µl). Under the anaerobic conditions in the medium covered with mineral oil, the respiration of preincubated spermatozoa introduced into fertilization medium with 5 mM caffeine might be over-stimulated by 5 mM caffeine, and consequently the motility of the spermatozoa may be decreased. In previous studies on bovine in vitro fertilization showing high fertilization rates in fertilization medium with caffeine [1] [2] [3] [4] [5] [6] [13] [14] [15] [16] [17] [18] , the sperm concentrations at the site of fertilization were very high and these high sperm concentrations might have made up for the disadvantage of 5 mM caffeine at fertilization.
Alt ho ugh we d id no t o bserv e t he ra te o f acrosome reacted spermatozoa introduced into the fertilization medium with 5 mM caffeine under mineral oil, the decrease of sperm motility in the medium with more than 2 mM caffeine was probably not be due to an increase of acrosome r e a c t e d sp e r m a t o z o a t h a t a c c e l e r a t e d spontaneously. We infer this from our observation (unpublished data) that the group with high (47.8%) acrosome reacted spermatozoa maintained good motility as well as the group with low (26.8%) acrosome reacted sperm after introduction into the fertilization medium covered with mineral oil.
In the present study, further lowering the caffeine concentration at the site of fertilization by about ten-fold (to 0.02-0.03 mM) did not affect the fertilization rate (Table 1) . This indicates that lo w e ri ng t he c affe ine c o nc en t r at io n be in g introduced with the sperm suspension into the site of fertilization to less than about 0.35 mM is unnecessary.
In contrast to this, preincubated (capacitated) porcine spermatozoa can not penetrate the oocytes in caffeine-free fertilization medium [9, 22, 23] . Nagai et al. [9] suggested that caffeine might promote the capacitation and/or the acrosome reaction of boar spermatozoa. Kano et al. [23] s ugges ted t hat c affeine m ight in creas e the penetration rate of spermatozoa into oocytes by promoting spermatozoa motility and inducing the acrosome reaction of capacitated spermatozoa bound to the zona pellucida. Caffeine in the fertilization medium remains essential at present for successful porcine IVF. In mice, caffeine also accelerates the capacitation of spermatozoa, and as a result, it accelerates sperm penetration into eggs [10] . Thus, the action of caffeine at the site of fertilization in vitro on capacitated spermatozoa seems to differ at least between cattle and swine. The results of the present study suggest that caffeine in the fertilization medium is unnecessary for successful bovine in vitro fertilization, as long as fully capacitated spermatozoa are used. In conclusion, caffeine-free fertilization medium is recommended for insemination with capacitated spermatozoa in bovine IVF.
